Abstract-As renewable resources start providing an increasingly larger percentage of our energy needs, we need to improve our understanding of these intermittent resources so we can manage them better. In the case of wind resources, large unscheduled changes in the energy output, called ramp events, make it challenging to keep the load and the generation balanced. In this paper, we show that simple statistical analysis of the wind energy generation can provide quantitative insights into these ramp events. In particular, this analysis can help answer questions such as the time period during the day when these events are likely to occur, the relative severity of positive and negative ramps, and the frequency of their occurrence.
I. INTRODUCTION
T HERE is an increasing interest in renewable sources of energy, such as wind and solar, as a result of various climate change initiatives and a desire for energy independence from fossil fuels. However, the intermittent nature of these sources can make them difficult to manage. In addition, for renewables such as wind, the occurrence of ramp events, where the energy generated suddenly increases or decreases rapidly in response to changes in wind velocity, can lead to challenges in keeping the load and generation balanced at all times.
In the past, the percentage of energy from wind sources, relative to the peak load, was small. For example, in 2006, the California Independent System Operator (CaISO) managed over 2200 MW of wind generation, which was only 4% of the total generation resources in the area [1] . The Tehachapi area in Southern California, which is one of the largest wind generation areas under CaISO, had 740MW installed capacity. At this capacity, the ramp events are relatively small. So, it is relatively easy to keep the load balanced, and the generation required to back up wind power is small as well.
However, with increasing wind penetration, the size of the ramp events has also increased. For example, the installed wind capacity in the Bonneville Power Administration (BPA) is currently over 2000 MW and is expected to increase to over 3000 MW by 2010, when it will be 30% of the peak load. At this capacity, the wind ramps can be quite large, changing by nearly 1000 MW in an hour, and it becomes more of a challenge to balance the load and the generation. The control room operators and schedulers now have to monitor the wind generation more closely, and plan for enough backup generation to meet the load, especially during downward ramp events when there is an unscheduled decrease in wind generation by a large amount in a short time.
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There are several ways in which we can better manage this intermittent nature of wind resources. These include more accurate wind generation forecasts as well as an improved understanding of the ramp events. In this paper, we show that we can gain quantitative insights into ramp events by analyzing recent historical data on actual generation from wind farms. Specifically, simple statistics extracted from the data can answer questions, such as, do ramps occur more frequently in the mornings or evenings, do the negative ramps occur as frequently as the positive ramps and are they as severe, how should ramps be defined especially in light of increasing penetration, and do severe ramps occur rarely or are they relatively frequent?
This paper is organized as follows. First, in Section II, we describe the data used in the analysis, followed in Section III by details on the cleaning of the data, the definition of ramp events, the statistics extracted from the data, and our observations. We conclude with some ideas for future work.
II. DATA DESCRIPTION We conduct our study of ramp events using actual wind generation data from BPA (www.bpa.gov) for the years 2007-2008. We chose data from the recent past as any analysis of these data is likely to be more relevant. Further, the last few years have seen a large increase in installed wind power in BPA balancing region, increasing from 700 MW in 2006-2007 to over 1300 MW in 2008 and more than 2000 MW in  2009 [2], [3] . This increase in capacity occurs at various times during the year as new wind farms are connected to the grid.
The data available for the period 2007-2008 are the total generation from all the wind farms in the BPA region around the Columbia Basin [4] . The data are sampled at 5 minute intervals, and for each data point, include the time (year, month, day, hour and minute), the actual wind generation, and the total load at that time. Figure 1 shows the wind energy generated and the load for the first week of January 2008 for the BPA balancing area. Note the daily periodicity in load; however, there is no such periodicity in the wind energy generation. Figure 2 is a longer sequence for the wind energy for the month of January 2008. Note the intermittent nature of the energy generated, with some days having no generation, while on other days, it can reach as high as 1200 MW.
From July 2008 onward, the BPA data also include the wind energy scheduled by the operators at each data point; this is not considered in the present analysis. The intent of the work presented in this paper is to show that we can gain insights into wind ramp events through simple statistical analysis of the wind generation data. However, we caution that the results of this preliminary analysis must be interpreted with care as they reflect the conditions for a specific year, 2008, and a specific region, namely, the Columbia Basin. We are conducting additional in-depth analysis of the data, especially over longer time periods, to determine if the observations made in this paper hold over the long term.
III. ANALYSIS OF THE DATA
Our analysis of ramp events consists of three main steps: data cleaning, ramp definition, and extraction of various statistics. We next discuss each of these steps in more detail.
A. Cleaning the data
Thre are two main parts to cleaning the data. The first is to bring all the data to a consistent format, with each five minute interval described by four variables: the date (month, day, and year), the time (in hours and minutes), the actual wind generation, and the total load at that time.
The second step is to fill in the missing data. Sometimes, only one or two consecutive time intervals are missing, while in other cases, an hour or more of data may be missing. These missing values are represented as blanks in the original data. For our analysis, if only one or two values were missing, they were filled in via interpolation. If more than two consecutive values were missing, they were replaced by -9999, and ignored in any further analysis.
B. Defining a ramp event
Once the data have been cleaned and brought to a consistent format, we need to identify the ramp events in the data. Though it is often easy to identify ramp events visually, there is no standard way in which such events are defined mathematically [5] . Therefore there are different ways in which we can interpret a "large increase or decrease in energy output in a short time." In this paper, we consider two definitions:
• Ramp definition 1: In this simple definition, a ramp event is considered to occur at the start of an interval if the magnitude of the increase or decrease in generation at a time ΔT ahead of the interval is greater than a predefined threshold, T r:
• Ramp definition 2: Since definition 1 focuses only on the end points of the interval being considered, it can miss ramp events if they occur between the two endpoints, though the endpoints themselves may not exhibit a large change in magnitude. Our second definition considers the minimum and maximum value of wind generation between the two endpoints (inclusive):
Alternative definitions are also possible which are based on the average slope of the energy over a fixed time interval, say, 30 minutes. This reflects the visual perception of a ramp event as "steep gradients in power production" [5] . We can also use other descriptors, such as the duration of a ramp event, to characterize them [6] . Further, as the time series data are noisy, we can smooth them before identifying the ramp events; this is not done in the present work.
The ramp is considered a positive or negative ramp depending on whether the generation increases or decreases over time. Negative ramps are usually more challenging as the operators have to find other generation to replace the decrease in generation from wind sources and keep the load balanced.
For example, Figure 3 shows large positive and negative ramps around 3:45pm on June 21, 2008. From the hour prior, the generation increases by 667MW to a peak of 855MW and then drops by 577MW an hour later.
The time intervals, ΔT , chosen for the ramp events are typically 15 minutes, 30 minutes, and 1 hour. The choice of the threshold T r is more difficult. On one hand, we can set it to be an absolute value, say, 300 MW for a 15 min ramp or 450 MW for a 60 min ramp. This value could be system dependent and chosen to reflect the amount of energy that is difficult to procure in the given time interval to keep the system balanced. On the other hand, we can define the threshold as a percentage, say 20%, of the installed nameplate capacity for a wind farm. The issue with this definition is that we need to know what the installed capacity is at any time. This may vary over time as existing turbines are upgraded or shut down for repairs or maintenance. In the latter case, we may see ramps of smaller magnitude, while in the former case, an event which qualified as a ramp event on one day, may not be a ramp event on another day with a higher nameplate capacity. However, the challenges of managing a ramp of that magnitude would be the same for both days.
In light of this, we chose a fixed threshold value for our analysis and experimented with various values to see how sensitive the results are to our choice of threshold. In practice, this threshold should be selected appropriately based on input from system operators and schedulers. It would likely be different for different regions and could vary over the years, evolving to match the changes in the generation mix at a utility.
C. Statistics and observations on ramp events
We next describe the various statistics obtained for the ramp events, followed by our observations on these statistics. First, we consider the change, MW (T + ΔT ) − MW (T ), for different values of ΔT (that is, ramp definition 1) and study the statistical properties of these derived data. For example, Figure 4 shows the change in wind generation over 30 minute intervals for 2008. At each 5 minute time interval, the y-axis is the difference between the generation at that time interval and 30 minutes later. A drop in generation is indicated by negative values. We consider changes of all magnitudes in our analysis; extreme events are not removed as we want to obtain statistics on such events as well.
When we consider similar plots for 15 minute and 60 minute intervals, the changes in wind generation are smaller and larger, respectively, relative to the 30 minute differences, as shown in Table I . This table lists how many data points (each 5 min interval is considered one data point) are the start of a change of a given magnitude, for a given ΔT . We do observe that if the generation is stable at a certain value and then suddenly drops, stabilizing at a lower value, then many data points around the time of the drop will exhibit a large change. For example, if the generation is 1000 MW at times T, T+1, T+2, and drops to 500 mW at times T+3, T+4, and T+5, then, if we consider 15 minute changes in generation, each of the intervals, T, T+1, and T+2 will have a 500 MW drop. This fact is illustrated in Table I , where a single large drop of 725 MW in one 5 minute interval, appears thrice when 15 minute changes are considered.
A similar summary for ramp definition 2, based on the maximum and minimum energy in an interval, is presented in Table II . Tables I and II indicate that for any time interval ΔT , at low values of |ΔMW | (say less than 50 MW), the number of data points which start a negative change of that magnitude is larger than the number which start a positive change. However, for larger values of |ΔMW |, which are essentially the ramp events, the number of positive changes is larger than the number of negative changes. In other words, we expect more intervals which are the start of a positive ramps than intervals which are the start of a negative ramp. In addition, we observe that the negative ramps tend to be less severe than the positive ones. Table III lists the minimum and maximum changes, and the times when they occur, for 5, 15, 30, and 60 minute intervals, for the two definitions. We have included the 5 minute interval to show that large increases and decreases can occur between consecutive time intervals (recall that the data are at 5 minute intervals). The large negative drop on June 11 within a 5 minute interval is sufficiently large that it determines the time of the largest negative ramp for the 15, 30, and 60 minute intervals as well. Tables I -III show that the statistics obtained for the change in generation over various time intervals are not very different between the two definitions. For smaller ΔT , the results from the two are very similar. For larger ΔT , as we expect, definition 2 identifies more intervals as the start of a large change in energy. These additional intervals are the ones where there is a large change in energy over, say, a 60 minute interval, but the generation at the two end points are close to each other. Such intervals appear in the low |ΔMW | rows in Table I for definition 1. Other than this expected change, the two tables are qualitatively similar.
Next, we consider the time of day when the ramp events occur. For this, we need to select the threshold defining the ramp; any time interval which includes a change larger in magnitude than this threshold is considered to be the start of a ramp event. Focusing on the 15, 30, and 60 minute time intervals, we select three thresholds for each, to identify ramps of low, moderate, and high severity. We consider each day to be divided into four parts: early and late morning, and early and late afternoon, representing the times from midnight-6:00am, 6:00am-noon, noon-6:00pm, and 6:00pm -midnight, respectively. Then, considering the changes in the wind generation for the three time intervals, ΔT =15, 30, and 60 minutes, we collect statistics on when ramp events exceeding a certain magnitude occurred. For a certain time of day, say early morning, there are two ways in which we can count the ramp events occurring during this time period:
• We can explicitly count all the intervals which start a ramp event during this period. This can be considered as over-counting as a ramp event which occurs over a long time will have several intervals which "start" the event. Also, as mentioned earlier, a large drop in generation between two consecutive intervals can result in several data points meeting the ramp threshold criterion.
• Alternatively, we can do a binary count where a time period is considered to have a ramp event if there is at least one event which starts during this time period. This could be considered as under counting the number of ramps in a time period as many distinct ramps occurring during this period will not be individually counted.
We tried both approaches and while the counts of ramp events are different, the resulting conclusions are similar. In this paper, we present the results of the second approach, where the count can be considered as the number of days in the year in which a positive or negative ramp of magnitude greater than the threshold starts in that time period of the day. However, if a ramp event straddles a time period boundary, it can get counted in two time periods of a day. Tables IV-VI show these counts for positive and negative ramps at 15, 30, and 60 minute intervals, defined using various threshold levels, indicating low, moderate, and high ramp severity levels. Values for ramp definition 2 are included in parenthesis whenever they are different from values for ramp definition 1.
These tables indicate that while both positive and negative ramps of any magnitude can occur at any time of the day, there are times when they are more likely. For example, we 1. observe that moderate to large downward ramps rarely occur during early or late morning. The single negative ramp event at high threshold in Table VI in the late morning is due to the large drop of -725 MW which occurs just after noon on June 11, 2008 (see Table III ). We also observe that positive ramps occur more frequently in the afternoon than in the morning. These data also confirm that there are more days with positive ramps than with negative ramps. Both positive and negative ramps, of moderate to large severity, can occur on the same day, as shown in Figure 3 .
We observe that the choice of a ramp definition has little effect on the results of the time of day occurrence of ramp events. The changes are minor and mostly at the low thresholds. As expected, ramp definition 2 will identify more ramp events, which is what we see in the results thus far.
Finally, we analyze the ramp events to determine if there are any monthly variations. Table VII shows the number of days in a month when ramps with low to moderate severity occur. A day may have more than one ramp with the given level of severity, but this is not reflected in the table. An analysis of each row indicates that there are some months (March and August) when there is greater probability of ramp events. However, there is too little data in this table to draw any strong conclusions, especially as it reflects trends for a single year. Again, there is little difference in the results between the two ramp definitions.
IV. CONCLUSION
In this paper, we have shown that simple statistical analysis of wind generation can provide insights into ramp events such as distributions of their severity levels, their time of occurrence during the day, and their occurrence by month. While the results of such analysis will be different depending on the location of the wind farm and possibly the amount of wind generation, it can none-the-less provide grid operators additional information they can use in balancing the load.
We considered two ways of defining the change in wind energy generation in a time interval -one approach focused just on the end points, while the other considered the minimum and maximum generation between the two end points. Our analysis showed that the results did not differ between these two definitions.
We also categorized ramps based on different thresholdslow, moderate, and high. Our analysis using data from BPA showed that moderate to large downward ramps rarely occurred in early to late morning, while positive ramps occurred more frequently in the afternoons than in the mornings. In addition, certain months of the year had more occurrences of ramps than others.
We will next extend this work by repeating the anlysis using wind generation data from another region as well as 2009 data for the Columbia Basin region. In addition, we will explore associations of ramp events with weather conditions to determine if we can identify days likely to have ramps.
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